Hydrogen peroxide (H 2 O 2 ) functions as a ubiquitous intracellular messenger besides as an oxidative stress molecule. This dual role is based on the distinct cellular responses against different concentrations of H 2 O 2 . Previously, we demonstrated that both low (> 1 mM) and high (4-10 mM) doses of exogenous H 2 O 2 induce filamentous growth with distinct cell morphology and growth rate in Candida albicans, suggesting the different transcription response. In this study, we revealed that the sub-toxic and toxic levels of H 2 O 2 indeed induced pseudohyphae, but not true hyphae. Supporting this, several hyphae-specific genes that are expressed in true hyphae induced by serum were not detected in either sub-toxic or toxic H 2 O 2 condition. A DNA microarray analysis was conducted to reveal the transcription profiles in cells treated with sub-toxic and toxic conditions of H 2 O 2 . Under the sub-toxic condition, a small number of genes involved in cell proliferation and metabolism were up-regulated, whereas a large number of genes were up-regulated in the toxic condition where the genes required for growth and proliferation were selectively restricted. For pseudohyphal induction by sub-toxic H 2 O 2 , Cek1 MAPK activating the transcription factor Cph1 was shown to be important. The absence of expression of several hyphae-specific genes known to be downstream targets of Cph1-signaling pathway for true hyphae formation suggests that the Cek1-mediated signaling pathway is not solely responsible for pseudohyphal formation by subtoxic H 2 O 2 and, but instead, complex networking pathway may exists by the activation of different regulators.
INTRODUCTION
Increasing evidence supports an alternative and beneficial function of reactive oxygen species (ROS) as an important regulator of nitric oxide-or calcium-mediated signal transduction (Thannickal et al., 2000) . Phagocytic immune cells activate NADPH oxidase complexes to generate oxygen radical (O 2 -⋅), which is subsequently converted to hydrogen peroxide (H 2 O 2 ), as a cytotoxic agent during the engulfment of microbes (Lorenz et al., 2004) . In addition, studies conducted in non-immune cells have implicated the Nox family of NADPH oxidases with the generation of ROS in response to various extra-cellular stimuli including cytokines that regulate various cellular functions including immunity, cell proliferation, cell differentiation, signal transduction, and ion transport (Foreman et al., 2003; Reth, 2002; Rhee et al., 2000; 2005) . Even though the chemical nature of ROS generated in response to the activation of various receptors has not been well-characterized, H 2 O 2 represents a major component of ROS in cells activated by cytokine or growth factors (Ohba et al., 1994; Sundaresan et al., 1995) . Thus, H 2 O 2 is considered to function as a ubiquitous intracellular messenger whose localization, expression, and activity are tightly regulated. Moreover, different levels of H 2 O 2 can induce distinct responses within a cell. For example, distinct transcriptional responses are induced in response to low (sub-toxic) and high (toxic) levels of H 2 O 2 in mammalian cells, Saccharomyces cerevisiae, or Schizosaccharomyces pombe (Quinn et al., 2002; Vivancos et al., 2006) . At low levels of H 2 O 2 , cells become mitogenic and proliferative, while pro-oxidants involved in apoptosis are expressed in cells exposed to high levels of H 2 O 2 (Sablina et al., 2005) , indicative of concentration-specific responses to H 2 O 2 . These contradictory roles of H 2 O 2 have spurred cellular evolution of several powerful enzymatic systems to prevent excessive accumulation of H 2 O 2 , thereby maintaining homeostasis at the cellular regulatory level (Stone et al., 2006; Veal et al., 2007) .
Candida albicans is a major human pathogen that causes diseases ranging from thrush and vaginal yeast infections in normal individuals to life-threatening systemic infections in immunocompromised individuals (Calderone et al., 2001 ). An important feature of C. albicans that is relevant to pathogenesis is its ability to switch from a budding yeast form to a filamentous form that includes both pseudohyphae and true hyphae (Lo et al., 1997; Sudbery et al., 2004) . The morphological transition is triggered by various nutritional and environmental factors such as specific carbohydrates or amino acids, serum, high temperature, neutral pH, N-acetyl-glucosamine, high carbon dioxide, and starvation (Biswas et al., 2007) . These various hyphal inducers trigger a wide range of signal transduction pathways
Molecules and Cells
©2012 KSMCB 1 involved in morphogenesis (Cottier et al., 2009; Dhillon et al., 2003) . The well-characterized signaling pathways implicated in the morphological transition are the cyclic AMP (cAMP) pathway and the mitogen-activated protein kinase (MAP kinase) pathway (Roman et al., 2007) . The cAMP pathway plays a major role in hyphal development and pathogenesis in C. albicans (Harcus et al., 2004; Rocha et al., 2001) . Efg1, a basic helix-loop-helix protein, is the major transcription factor in the cAMP pathway (Stoldt et al., 1997) and plays a critical role in hyphal morphogenesis (Harcus et al., 2004 ). An efg1 mutant strain is defective in hyphal development under most hyphalinducing conditions, including serum, and exhibits reduced virulence (Leng et al., 2001) .
MAPK pathways drive a variety of mechanisms in eukaryotic cells to couple environmental responses to transcriptional regulation. In C. albicans, there are three different MAPK pathway routes involving Hog1, Cek1, and Mkc1. The Hog1 MAPK pathway is involved in at least three separate processes: response/adaptation to stress, morphogenesis, and cell wall formation. The Cek1 MAPK pathway of C. albicans includes Cst20 MAPK kinase kinase (MAPKKK), Hst7 MAPK kinase (MAPKK), Cek1 MAPK, and the transcription factor Cph1 (Leberer et al., 1996) . Null mutants for any of these genes are defective in hyphal development on solid medium in response to inducers such as synthetic low ammonium; however, hyphae develop normally in response to serum (Csank et al., 1998; Leberer et al., 1996; Liu et al., 1994) . Mkc1, the homologue of the S. cerevisiae Mpk1 MAPK, plays a role in maintaining cellular integrity and cell wall formation as deduced from the osmotically-remediable sensitivity of mutant cells to certain cell-wallinterfering compounds (Navarro-Garcia et al., 1995) .
We previously demonstrated that exogenous H 2 O 2 induces filamentous growth in C. albicans (Nasution et al., 2008) . However, sub-toxic (1 mM) and toxic (10 mM) concentrations of H 2 O 2 produced distinct cell morphologies and growth rate effects. Cells grown at the sub-toxic level of H 2 O 2 exhibited a mixture of normal yeast and pseudohyphae forms, and a growth rate similar to untreated control cells. In contrast, most cells grown at the toxic concentration of H 2 O 2 exhibited swollen pseudohyphae and severely impaired growth. The present study aimed to understand the mechanism that underlies these cellular and physiological differences. In response to various environmental stimuli, unicellular organisms like C. albicans undergo a substantial modulation of the gene expression pattern. DNA microarray-based transcriptome analyses of C. albicans cells treated with sub-toxic and toxic H 2 O 2 were performed to investigate the difference in gene expression.
MATERIALS AND METHODS
Gene names All C. albicans genes and proteins are hereafter named without prefix, while those of other organisms are prefixed (e.g., S. cerevisiae CPH1 and its protein product are designated ScCPH1 and ScPrx1p, respectively).
Strains and cell culture
The C. albicans strains are listed in Table 1 . Unless mentioned otherwise, cells were cultured at 30°C in YPD medium (1% yeast extract, 2% peptone, and 2% glucose).
Hyphal induction
Yeast cells were transferred to YPD supplemented with 10% fetal bovine serum (FBS) (Welgene) and further grown at 37°C for either 2 h for germ tube or 6 h for true hyphae. To assess 
Apoptosis assay
Cellular integrity and externalization of phosphatidylserine (PS) were assessed using an apoptosis detection kit (Koma Biotech). Appropriately treated cells were washed twice in phosphate buffered saline (PBS), resuspended in 1 ml KS buffer (1 M sorbitol, 0.1 M potassium phosphate, pH 7.0) and digested for 30 min at 33°C with 10 U zymolyase (Zymo Research) in 10 mM 2-mercaptoethanol. The resulting protoplasts were washed with and resuspended in 0.2 ml annexin binding buffer (Zymo Research). Then, 3 µl of annexin V-fluorescein isothiocyanate (FITC) (200 µg ml -1 ) and 10 µl of propidium iodide (PI; 30 µg ml -1 ) were added and incubated for 30 min in the dark. Excitation and emission wavelengths were 488 and 518 nm, respectively, for FITC and 540 and 620 nm, respectively, for PI. Plain and fluorescent images were immediately captured with a fluorescence microscope (Carl Zeiss).
RNA preparation
Total RNA was prepared using an RNeasy Mini kit (Qiagen) according to the manufacturer's instructions.
Microarray and data analysis
Whole genome microarray slides for C. albicans were purchased from NRC Biotechnology Research Institute (Montreal). Labeled dCTP was prepared by conjugating Cy3 or Cy5 (Genechem) with dCTP. Cy3-or Cy5-labeled cDNAs were prepared by reverse transcription of total RNA from untreated control and H 2 O 2 -treated cells with Cy3-and Cy5-labled dCTP, respectively. Labeled cDNAs were ethanol-precipitated and resuspended in 30 µl of hybridization solution [1× SSC, 0.25 M Na 2 HPO 4 , 2× Denhardt, 1 mM EDTA, 4.5% sodium dodecyl sulfate (SDS)]. After the control Cy3-labeled cDNA was mixed with each of Cy5-labeled cDNAs, the mixture was placed on the C. albicans 14K chips in the MAUI AO chamber (BioMicro Systems). The slides were hybridized for 12 h at 62°C and then washed at room temperature with 2× SSC and 0.1% SDS for 2 min, 1× SSC for 3 min, and 0.2× SSC for 2 min. The slides were centrifuged at 3000 rpm for 20 s to dry. The hybridized slides were scanned using a GenePix 4000B scanner (Molecular Devices) and the images were analyzed using GenePix Pro 5.1 software (Molecular Devices) and GeneSpring GX 7.3.1 software (Agilent Technologies). Spots that were judged as
